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ABSTRACT 



We present Chandra HETGS observations of the classical T Tauri star (CTTS) V4046 Sgr. The He-like triplets of O vn, Ne ix, and 
Si xm are clearly detected. Similar to the CTTS TW Hya and BP Tau, the forbidden lines of O vn and Ne ix are weak compared to 
the intercombination line, indicating high plasma densities in the X-ray emitting regions. The Si xm triplet, however, is within the 
low-density limit, in agreement with the predictions of the accretion funnel infall model with an additional stellar corona. V4046 Sgr 
is the first close binary exhibiting these features. Together with previous high-resolution X-ray data on TW Hya and BP Tau, and in 
contrast to T Tau, now three out of four CTTS show evidence of accretion funnels. 
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T Tauri stars are young (age < 10 Myr), low-mass (M, < 3Mq) 
stars evolving down to the main sequence in the Hertzprung- 
Russell diagram; a detail ed review of pre-main sequence stel- 
lar evolution is given by Feigelson & Montmerle ( 1999). The 
CTTS subclass shows signs of active accretion from a circum- 
stellar disk as proven by strong infrared excess and a large Ha 
equivalent width (>10 A). Current models of CTTS assume a 
dipolar stellar magnetic field, disrupting the disk near the corota- 
tion radius, where ionised material is loaded onto magnetic field 
lines and is accel erated to essenti ally free-fall velocity along a 
magnetic funnel iShu etalJll99l . A shock is formed close to 
the stellar surface and the material passing through the shock is 
heated up to temperatures in the MK range. The accretion ge- 
omet ries for binaries are understo od less well theoretically, but 
see Artvm owicz & Lubowl lfl996). 

The X-ray emission from TTS was first detected with the 
Einstein Observatory, and extensive X-ray studies of a variety 
of star forming regions were undertaken with ROSAT. However, 
to what extent the observed X-ray emission can actually be at- 
tributed to accretion processes remained unclear and is the sub- 
ject of some debate, since a central result of stellar X-ray as- 
tronomy states that all "cool stars", i.e., stars with outer convec- 
tive e nvelopes, are surrounded by hot coronae ( Schmit t & Liefkd 
120041) . The usual interpretation of this finding is that turbulence 
in the outer convective zone leads to the production of magnetic 
fields and the ensuing activity, making it natural to attribute the 
observed X-ray emission from CTTS to the phenomena of mag- 
netic activity rather than of accretion. 

Imaging studies with low/medium spectral resolution al- 
low large samples of TTS to be studied simultaneously as 
was rec ently p erformed for the Orion nebula by the COUP 
project (Feigelson 2005). In such studies, stars with and with- 
out accretion disks are difficult to distinguish; however, statis- 



tical studies seem to indicate some differences between CTTS 
and those TTS without accreting disks dStelzer et ail [2000; 
Stelzer & Neuhauser 2001; Flaccomio et al. 2003). 

Only with the high spectral resolution of grating spectra, 
as available for a few individual CTTS observed with Chandra 
and XMM-Newton, is it possible to identify spectroscopic sig- 
natures taht distinguish accretion and coronal emission and 
to reliably derive the physical properties of the emission re- 
gion through temperature, density, and abundance diagnostics. 
Specifi cally, a high spectral resolution survey of 48 stellar coro- 
nae by N ess et alJ (120041) showed that most of the coronal den- 
sities are compatible with the low-density limit within the error 
ranges. 

Only two clear exceptions among cool stars are known to 
date, the CTTS TW Hya and BP Tau. In the Chandra HETGS 
spectrum of TW Hya, Kastner et al. ( 2002) found unusually high 
densities and interpreted them as the signature of an accretion 
funnel; this was then confirmed by an XMM-Newton observation 
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described by Stelzer & Schmitt (2004). The same low f/i-ratios 
for the O vn and Ne ix triplets were observed in XMM -Newton 
RGS spectra of the CTTS BP Tau (fSchmitt et afl l2005l) . while 
the XMM-Newton EPIC spectra also clearly show the presence 
of rather hot plasma. The authors interpret the BP Tau data in 
terms of accretion with an additio nal active corona; s imilar con- 
clusions were drawn by Robrade & Schmitt (2006) in a com- 
parative study of the high and medium resolution X-ray data of 
four CTTS. The inte rpretation of the f / i-ratio s in terms of density 
is not unambiguous. Ness & Schmitt (2005) presented a careful 
examination of density-sensitive iron lines in TW Hya and also 
showed that neither the UV flux nor line scattering affects the 
He-like triplets. 

In this letter we present Chandra HETG spectta of the CTTS 
V4046 Sgr, which we show to closely resemble the X-ray spectra 
of TW Hya and BP Tau and to be the third star with very low He- 
like f/i-ratios. We therefore suggest that accretion-related X-ray 
emission may in fact be quite common in CTTS. 
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2. V4046 Sgr: Observations and data reduction 

V40 46 Sgr is a nearby CTTS at a distance between 42 pc 
jHutoh inson et al. 1990) and 83 pc iOuast et all l2000l) . The 
star is isolated from any dark or molecular cloud and has 
negligible extinction. The CTTS nature of V4046 Sgr has 
been established through its variable Ha equivalent width (30- 
120 A.lBvrnel 1 986) and a strong infrared excess ,IRAS -detected 
Jde La RezaetatTI 19861) . while other IR obs ervations are also 
consi stent with a disk surrounding V4046 Sgr ( Hutch inson et al.l 
fT990l) . V4046 Sgr itself is a spectroscopic binary with a well- 
determined orbital period of 2.4213459 days ( Stempels & Gahm 
120041) . consisting of a K7 V and a K5 V star with masses Mi 
0.86V/;.; and M? - 0.69Mt) at an orbital separation of less 
than 10 Rq (Ouast et alJ l2000t) . The observed spectral energy 
IR distribution is consistent with an inner disk radius of 1.8 AU 
(Jensen &MathieulfT997l). the disk surrounding V4046 Sgr is 
thus circumbinary (Oua st et al.l2000l) . The viewing angle of the 
system is i = 35^45°, and the symmetry axis of both the disk 
and the binary are supposed to coincide. The high-resolution op- 
tical spectroscopy of higher Balmer lines indicates gas clouds 
associated with the stars well within the i nner radius of the cir- 
cumbinary disk (Stempels & Gahm 2004). 

V4046 Sgr was observed with the Chandra HETGS in two 
blocks, starting on 6 Aug. 2006 for 100 ks (ObsID 5423) and on 
9 Aug. 2006 for 50 ks (ObsID 6265). First-order grating spec- 
tra were extracted by applying standard CIAO 3.3 tools, and 
then positive and negative orders were summed up. Individual 
emission lines in the HEG a nd MEG spectra were ana lysed with 
the CORA line-fitting tool (iNess & Wichmannl20"02l) . assuming 
modified Lorentzian line profiles with fi -2.5. 



V4046 Sgr: MEG VII triplet 
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Fig. 1. X-ray lightcurve of V4046 Sgr, extracted from the th or- 
der data and dispersed spectra. Th e upper axis shows t he o rbital 
phase using the ephemerides from Stempels & Gahml (l2004l) . 



3. Results 

The X-ray lightcurve of V4046 Sgr is shown in Fig.^ Several 
phases of enhanced flux levels are apparent, where the hardness 
of the X-ray radiation increases marginally; the second obser- 
vation starts with what looks like the decay phase of a large 
flare. Variations in the shape of the higher Bal mer line pro files 
are known to correlate with the orbital phase ( Stempels & Gahm 
l200l . but we do not find any obvious correlation between X-ray 
flux and phase. We analysed single and combined spectra and 
found no significant differences between the two observations; 
therefore, we use the merged spectra in all of our analysis. 
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Fig. 2. The V4046 Sgr MEG count spectrum around the Ovn 
triplet region. 



The MEG and HEG grating spectra show a typical emission- 
line spectrum. Specifically, the Lya lines of silicon, magne- 
sium, neon, oxygen, and nitrogen and the Ly/3 lines of neon 
and oxygen are detected (cf. Fig.|5Jl. Weak iron lines are found 
from Fe xvn and Fe xvm; He-like resonance lines are detected 
from oxygen, neon, and silicon, while the He-like Mg lines are 
very weak. The forbidden and intercombination lines of oxygen, 
neon, and silicon are clearly detected and resolved. The strongest 
detected lines, together with the derived best-fit line counts and 
their errors (as determined with CORA), are listed in Tabled 



V4046 Sgr: MEG Ne IX triplet 




Fig. 3. The V4046 Sgr MEG count spectrum around the Ne ix 
triplet region. 

In Fig.|2]we plot the observed MEG count spectrum in the 
Ovn triplet region around 22 A. Obviously, the signal is low, 
and yet the r and i lines are clearly detected with extremely 
high significance (cf. Table[0. However, only 3.0 ± 2.2 counts 
are recorded from the f line, clearly indicating deviations from 
the low-density limit. We specifically find f/i= 0.33 + 0.28 for 
O vn, which must be compared to the low-density limit of 3.9 
(ISmithetalJl200l . Figure shows the observed MEG count 
spectrum in the Neix triplet region around 13.5 A. All triplet 
lines are clearly detected and, as shown by an inspection of t he 
MEG spectrum, contamination by Fe xix (cf. lNess et al.l2003l) is 
of the order of a few perc ent at its worst for V404 6 Sgr simi- 
lar to the case of TW Hya dStelzer & Schmittll2004l) . The Neix 
f/i-ratio is 1.04 + 0.15, derived under the assumption of negli- 
gible iron contamination, with the Ne ix low-density limit being 
3.1. Finally, in Fig.0]we plot the observed HEG and MEG count 
spectrum in the Si xm triplet region around 6.7 A. 
All triplet lines are clearly detected in the HEG spectrum, the f 
line being approximately at the same strength as the r line. While 
only an upper limit for the i line can be obtained from the MEG 
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V4046 Sgr: Si XIII triplet 
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Fig. 4. Si xra triplet region of V4046 Sgr in the HEG (black line) 
and MEG (shaded). The intercombination line is clearly stronger 
in the HEG than in the MEG, but the fits in Table [T] show that 
both measurements are statistically consistent. 



spectrum, a Si xm f/i -ratio of 1.9 + 0.6 can be derived from the 
HEG spectrum, which compares well with t he Si xm f/i-ratios o f 
the larger sample of active stars studied by iTesta et alJ (|2004). 
Since the Si xm f line is located exactly on the Si K edge of the 
detector, we investigated whether the observed Si xm f/i -ratio (in 
recorded counts) is consistent with the Si xm f/i-count ratio for 
a larger sample of stars. Assuming then that all active stars are 
in the low-density limit for Sixm with \ogn e < 13.5, we con- 
clude that the same applies for V4046 Sgr (as far as Sixm is 
concerned). This conclusion is supported by the ratio of Fe xvn 
17. 10 A/ 17.05 A of about unity, which iNess & Schmittl 120051) 
argue to be the low-density limit (log« e < 13.6); however, un- 
certain atomic physics require some caution. 



Table 1. Measured line fluxes for V4046 Sgr 



Line ID 


A 


MEG 


HEG 


Photon 




[A] 


[ counts ] 


[ counts ] 


flux" 


Si xiv Ly a 


6.18 


32 ±6 


15+4 


2.5 ± 0.7 


Si xm r 


6.64 


46 ±8 


15 ±4 


2.7 ± 0.5 


Si xm i 


6.69 


10* 


9±3 


1.5 ±0.5 


Si xm f 


6.74 


36 + 7 


20 ±5 


2.9 ± 0.7 


Mg xn Ly a 


8.42 


29 + 6 


n.a. 


1.6 ±0.4 


Mg xi r 


9.17 


35 + 7 


n.a. 


2.7 ±0.5 


NexLy/3 


10.23 


57 + 8 


n.a. 


5.2 ±0.7 


Ne x Ly a 


12.14 


280 ± 17 


102 ± 10 


48.7 ± 3.0 


Neix r 


13.46 


245 + 16 


64 + 8 


74.2 ±4.8 


Neix i 


13.56 


107 + 11 


26 + 5 


32.0 ±3.3 


Neix f 


13.70 


105 ± 11 


23 + 5 


33.2 ±3.3 


OvmLy/3 


16.02 


23 ±5 


n.a. 


11.0±2.0 


O vm Ly a 


18.97 


98 + 10 


n.a. 


115.7 ± 11.8 


O vii r 


21.6 


21+5 


n.a. 


49.3 ±11.7 


O vn i 


21.8 


10.4 + 3.5 


n.a. 


26.8 ± 9.0 


Ovnf 


22.1 


3.0 ± 2.2 


n.a. 


9.0 ±7.0 


N vn Ly a 


24.78 


28 + 6 


n.a. 


75.0 ± 16.1 


Fe xvn 


15.01 


38 + 7 


n.a. 


17.0 ± 3.2 


Fe xvn 


15.26 


21 ±5 


n.a. 


8.1 ± 1.9 


Fe xvn 


17.05 


21 ±5 


n.a. 


14.0 ±0.3 


Fe xvn 


17.10 


22 ±5 


n.a. 


14.6 ±0.3 



8 in units of 10~ 6 photons cirT 2 s _I calculated from the MEG data except 
for the Si xm triplet, where only an upper limit is available for the Si xm i 
line 

b 2cr upper limit 
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4. Discussion 

The X-ray data on the CTTS TW Hya and BP Tau have been 
interpreted in terms of an accretion funnel scenario, where the 
X-ray emission is emitted in a shock ("hot spot") produced by 
the infall of material along the magnetic field essentially at free- 
fall velocity onto the stellar surface. The main reason for this 
interpretation was the anomalously low O vn f/i-ratio observed 
for TW Hy a and BP Tau, since the extensive spectral survey by 
Ness et al. (2004) found no star that would even come close to 
the low O vn f/i-ratio observed for those two stars. The question 
is therefore, wether the very same scenario also applies to the 
CTTS V4046 Sgr and possibly to CTTS as a class? 

In Fig.|5]we compare the X-ray spectra in the range 10 A to 
20 A for the three TW Hya (MEG), BP Tau (XMM RGS), and 
CTTS V4046 Sgr (MEG). Clearly, the energy resolution of the 
RGS instrument and the SNR of the BP Tau data set is lower than 
that of the MEG spectra. Nevertheless, some common trends, as 
well as differences, appear: In all three cases, the O vm Ly a line 
is the strongest line, and neon lines are stronger than iron lines, 
which are weak if not absent. In BP Tau the Ne x Ly a line is 
much stronger than the Ne ix He-like r line, the opposite applies 
to TW Hya and V4046 Sgr. The different Ly a to He-like reso- 
nance line ratios for our three CTTS are summarised in Table|2] 
Interpreting these ratios in terms of an effective temperature, we 
note that the emission measure in V4046 Sgr cannot be described 
by a single temperature emission model. We also investigated the 
Ly a I Ly [3 ratios for Ne x and O vm and compared the tempera- 
tures obtained in this way to estimates from the ratio of Ly a 
to He-like resonance line. The temperatures found in this way 
are both about 0. 1 dex below the peak formation temperatures of 
their respective ionisation stages. We find that the ratios are fully 
consistent with optically thin emission, even if the absorption to 
V4046 Sgr is as large as Nh = 10 21 cirT 2 . A second tracer of 
resonant scattering is the ratio Fexvn 15.26 A/ 15.01 A, which 
matches optically thin predictions as well. 

With regard to the He-like f/i-ratios for TW Hya, BP Tau, 
and V4046 Sgr (cf. Table 0, we find the observed O vn f/i-ratio 
of V4046 Sgr to compare well with what is observed for BP Tau 
and to be fully consistent with the lower value of TW Hya. When 
interpreted as a pure density diagnostics (i.e. , assuming no con - 
taminating UV flux), we find logn e * 11.5 dSmith et al.ll2001l) . 
Thus TW Hya, BP Tau, and V4046 Sgr are in marked contrast 
to the CTTS T Tau, where Giide l et alJ (1200 6) measured an f/i 
ratio of ~ 4 and inferred an upper limit to the electron density 
of 1.4 x 10 10 cirT 3 (68% confidence). Neix is formed at higher 
temperatures, and the Ne ix f/i-ratio of V4046 Sgr is somewhat 
higher than those measured for TW Hya and BP Ta u, but still 
smaller than all the 48 Ne ix f/i-ratios determined by Ness et al. 
(2004) for their sample of active stars. The formal Neix den- 
sity derived for V4046 Sgr is logn e as 12.0. We stress that the 
f/i ratios for both Ne ix and O vn (peak formation temperatures 
log T « 6.6 and log T a 6.3, respectively) clearly deviate from 
the low-density limit; hence, the X-ray flux is unlikely to be pro- 
duced in a stellar corona. On the contrary, the f/i-ratio measured 
for the Si xm triple t agrees w ith the Si xm f/i-ratios found in the 
survey by Testa et al. (2004); the Si xm peak formation temper- 
ature of log T » 7.0 cannot be reached in an accretion shock, so 
this triplet probably has a coronal origin. 

Turning now to elemental abundances we use ratios of linear 
combinations of the measured fluxes of the H-like Lya and He- 
like resonance lines to derive abundance ratios that are, as a first 
approximation, independent of the underlying temperature struc- 
ture of the emitting plasma (Liefke & Schmitt 2006). In Table|3] 
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we list the values of Asi/A Mg , A Mg /A Ne , and A Ne /Ap obtained for 
the th ree CTTS, as w ell as the solar valu e dGrevesse & Sauval 
1998) for comparison. Drake et al. (2005) found the Ne/O abun- 
dance in B P Tau consistent with the ir sa mple of post-T Tauri 
stars, while IStelzer & Schmittl ( 120041) and ISchmitt et alJ j2005l) 
interpret the - compared to solar - enhanced Ne/O abundances 
as due to grain depletion. Also, V4046 Sgr shows the same en- 
hanced Ne/O abundances as found for TW Hya and BP Tau. As a 
consequence, the Mg/Ne abundance is low, both for V4046 Sgr 
and for TW Hya; however, the relative Si/Mg abundances are 
comparable to solar values. 



Table 2. Comparison of properties of the three CTTS TW Hya, 
BP Tau, and V4046 Sgr 





TW Hya 


BP Tau 


V4046 Sgr 








f/i ratios 




log« c 


Si xni 


n.a 


n.a. 


1.9 ±0.6 


< 13.5 


Neix 


0.33 ± 0.24 


0.40 ± 0.26 


1.05 ±0.15 


12.0 


Ovu 


0.05 ± 0.05 


0.37 + 0.16 


0.33 ±0.28 


11.5 






Ly a 1 1 ratios 




log T [ K ] 


Si 


1.83 ±0.61 


n.a. 


1.13 ±0.27 


7.10 ±0.05 


Mg 


0.60 ± 0.30 


n.a. 


1.03 ±0.30 


6.91 ±0.05 


Ne 


0.63 ± 0.07 


2.51 ±0.85 


0.70 ± 0.09 


6.61 ±0.01 


O 


2.02 + 0.41 


1.59 + 0.35 


2.36 ± 0.60 


6.51 ±0.05 






abundance ratios 




solar 


Asi/A Mg 


1.63 + 0.68 


n.a. 


1.58 ±0.36 


0.93 


Ams/Anc 


0.05 ± 0.02 


n.a. 


0.08 ± 0.02 


0.32 


A Ne /A 


0.86 + 0.11 


0.66 ± 0.20 


1.04 ±0.14 


0.18 



Detailed simulations (iCalvet & GullbringlH998t lLamziijH998l 
iGiinther et alJsubmitted to A&aI) predict the emissivity, the line 
ratios, the UV field, and the veiling continuum. V4046 Sgr fits 
fully in this picture. Optically thin emission from an accretion 
hot spot explains the unusually low f/i-ratios observed in O vn 
and Ne ix. A "normal" corona accounts for the more energetic 
X-rays and, in particular, for the low-density Sixm triplet, as 
well as for the variability of V4046 Sgr. This is somewhat sur- 
prising since the accretion geometry of V4046 Sgr is far more 
complicated because of its binary nature. Gas clouds close to 
the stars can be traced by line profile analysis of higher Balmer 
lines and seem to exist in the vicinity of the stars, yet no cir- 
cumstellar disk should exist due to the small binary separation. 
The variability of the X-ray lightcurve suggests energetic events 
as observed for the case of BP Tau, as well as in the coronae of 
other stars; and we caution that densities of up to a few 10 11 cm -3 
(Giid el et al.l20 02) seem to be occasionally reached in flares. As 
to abundances, V4046 Sgr shows the very high Ne/O abundance, 
reminiscent of TW Hya, and grain depletion is a suggestive sce- 
nario to explain the apparently high Ne abundance. 

In summary, three of four CTTS with available high- 
resolution and high SNR X-ray grating spectra show far lower 
f/i ratios in the Ovu and Neix triplets than any other star. In 
V4046 Sgr we are likely to see the emission from a corona in the 
high-temperature Si lines, and the binary nature of V4046 Sgr 
seems to have little influence on its X-ray spectrum. We thus 
conclude that the presence, not the absence, of low f/i ratios ap- 
pears to be more typical of CTTS. Also, the emission mechanism 
obviously works in single and close binary stars, presenting a 
challenge for future magnetohydrodynamic simulations of the 
accretion funnel. 
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Fig. 5. Comparison of the X-ray flux spectra of TW Hya, BP Tau, 
and V4046 Sgr. 



5. Conclusions 

For single CTTS, the model of an accreting hot spot, where ma- 
terial impacts onto the stellar surface at free-fall ve locity, closely 
matches the observa tional data of both TW Hya ( Kastne r et alJ 
l2002tlSterzer & Schmittl2004l) and BP Tau JSchmitt et alJ2005l) . 
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